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TRAVELING- WAVE OPTOELECTRONIC WAVELENGTH CONVERTER 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application claims the benefit under 35 U.S.C. §1 19(e) of co-pending and 
5 commonly-assigned U.S. provisional patent application Serial No. 60/490,046, filed July 25, 
2003, by Christopher W. Coldren and Larry A. Coldren, and entitled "TRAVELING- WAVE 
OPTOELECTRONIC WAVELENGTH CONVERTER," which application is incorporated 
by reference herein. 

10 BACKGROUND OF THE INVENTION 

1 . Field of the Invention. 

This invention relates to microelectronic and optoelectronic components, and more 
particularly, to a traveling-wave optoelectronic wavelength converter. 

15 2. Description of the Related Art. 

(Note: This application incorporates a number of different references as indicated 
throughout the specification by numbers enclosed in brackets, e.g., [x]. A list of these 
different references ordered according to these numbers can be found below in the section of 
the specification entitled "References." Each of these references is incorporated by reference 

20 herein.) 

The present invention relates to wavelength converters of the type desirable in certain 
wavelength division multiplexed optical communication systems, as well as other 
applications where it is desirable to change the wavelength of the optical carrier of a 
modulated lightwave, and more particularly to optoelectronic wavelength converters in 
25 which an incoming lightwave having a first wavelength is detected by a photodetector that 
produces an electrical signal that in tum modulates the outgoing lightwave having a second 
desired wavelength. 

In the prior art [1, 13, 14], Ixmiped-element photodetectors and modulators were 
employed. These provide limitations on the signal bandwidth, 5, and wavelength conversion 
30 efficiency, Pout/Pin, wherein Pom is the output signal power and P/„ is the input signal power. 
The signal bandwidth is limited by the cutoff frequency, B < {ItiRlCt)'^, wherein Rl is the 
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load resistance and Ct is the sum of the detector and modulator capacitances. This can be 
severely limited because the lengths of both the photodetector and modulator need to be 
relatively long for efficient operation, and this results in a relatively large capacitance. 

In conventional waveguide photodetectors, their optical absorption length must be 
5 relatively long to absorb all of the input light at high optical powers and provide high output 
photocurrent, /p/,. In conventional modulators their optical interaction length, Im, must also be 
relatively long to provide high extinction with a relatively low apphed voltage, Vm, as 
approximately characterized by a constant Vmlm product for a given modulation level. 
Because this voltage is proportional to the load resistance, Vm = IphRu the efficiency of 

10 modulation, and thus wavelength conversion, increases in proportion to the load resistance. 
Thus, Rl must be as large as possible for efficient wavelength conversion, but this limits the 
bandwidth of operation. 

Therefore, there is a severe trade-off between the bandwidth of the signal and the 
efficiency of conversion in a lumped-element optoelectronic wavelength converter. Taking 

15 the above relationships into account, it can be shown that the wavelength conversion 

efficiency is Umited to, PoJPin = KPiJB, where is a constant of proportionality consisting 
of fixed geometrical factors and universal constants. Assuming reasonable parameters in an 
InP monolithic wavelength converter assembly [1, 12], it can be shown that B is limited to be 
less than about lOGb/s for near unity wavelength conversion efficiency. In fact, to obtain 

20 this bandwidth, the input power to the photodetector must be quite large (>50 mW), which is 
much larger than the saturation power of conventional photodetectors. 

Thus, there is a need for a new optoelectronic wavelength converter geometry that 
can operate at higher bandwidths with high efficiency. There is also a need for higher 
saturation power photodetectors that may be compatibly integrated monolithically with the 

25 other elements of the wavelength converter in order to avoid the need for any electronic 

amplification. Also, to limit the required input power to the wavelength converter chip, it is 
desired to incorporate integrated semiconductor-optical-amplifiers (SOAs) to pre-amplify the 
incoming lightwave prior to entering the photodetector. 

Furthermore, for these devices to be manufacturable with low cost, size, power 

30 dissipation, and weight, all of the elements of the wavelength converter must be 

monolithically integrable on a single semiconductor chip. This includes the widely-tunable 
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laser needed to create the output optical lightwave at an arbitrary wavelength within the band 
of interest. In addition, for a variety of applications where space is at a premium, it is also 
desirable to be able to integrate arrays of these wavelength converters on a single 
semiconductor chip. 

5 

SUMMARY OF THE INVENTION 
The present invention describes a monolithic wavelength converter assembly that 
provides for optical signal regeneration or amplification without using electronic circuits. 
The monoHthic wavelength converter assembly uses a common layer structure and includes a 

10 widely-tunable laser and interconnected traveling-wave photodetector (TWPD) and 

traveling-wave modulator (TWM) for improved efficiency and signal bandwidth compared to 
lumped element embodiments. In addition, a semiconductor optical iamplifier (SOA) may 
precede the TWPD to preamphfy the input signal to improve electrical signal level, 
modulation extinction, output optical signal level or wavelength conversion efficiency. 

15 Preferably, the monolithic wavelength converter assembly can be integrated in arrays of 
devices on a single semiconductor chip. 

Either parallel or series connections between the TWPD and TWM may be used to 
provide desirable solutions for a given set of specifications. Using a series connection, an 
input signal on a first lightwave with a first wavelength creates an electrical signal in the 

20 TWPD that propagates along an interconnecting electrical transmission line to the TWM 
where the electrical signal is imprinted onto a second lightwave with a second selectable 
wavelength derived firom the widely-tunable laser. Using a parallel connection, the TWPD 
and TWM are positioned side-by-side within an electrical transmission line such that an 
electrical signal generated by the TWPD in response to an input signal on a first lightwave 

25 with a first wavelength simultaneously propagates along the TWM where the electrical signal 
is imprinted onto a second lightwave with a second selectable wavelength derived from the 
widely-tunable laser. 

The interconnecting transmission lines between the traveling-wave photodetector and 
the traveling-wave modulator and between the traveling-wave modulator and load resistor 
30 are used as impedance transformers to provide for enhanced wavelength conversion 
performance over some signal bandwidth. For example, the interconnecting electrical 



4 



transmission line is terminated in resistance Rl. In a first embodiment, an electrical 
impedance of the TWPD, interconnecting electrical transmission line and TWM all are equal 
to Rl. In a second embodiment, an electrical impedance of the TWPD, interconnecting 
electrical transmission line, TWM and Rl are different, but are chosen to maximize an 
5 optical-to-optical signal conversion efficiency or output signal level. 

Preferably, the TWPD is a high saturation power photodetector with minimal length 
and capacitance that are compatible with the monolithic wavelength converter technology 
platform. An effective bandgap of an absorber within the TWPD is decreased from larger 
than a photon energy to lower than the photon energy from an input to an output of the 
10 TWPD. 

BRIEF DESCRPTION OF THE DRAWINGS 
Referring now to the drawings in which like reference numbers represent 
corresponding parts throughout: 
15 FIG. 1 is a schematic of a series-connected traveling-wave optoelectronic wavelength 

converter assembly including a photodetector and electro-absorption modulator; 

FIG. 2 is a schematic of a parallel-connected optoelectronic wavelength converter 
assembly including a photodetector and electro-absorption modulator; 

FIG. 3 is a schematic of a series-connected optoelectronic wavelength converter 
20 assembly including a photodetector and Mach-Zehnder modulator; 

FIG. 4 is a schematic of a parallel-connected optoelectronic wavelength converter 
assembly including a photodetector and Mach-Zehnder modulator; 

FIG. 5 is a second embodiment of a parallel-connected optoelectronic wavelength 
converter assembly including a higher-impedance electrical transmission line between a 
25 photodetector and Mach-Zehnder modulator as well as a linearized SOA preamplifier; 

FIG. 6a is a schematic lumped-element circuit of photodetector, laser, modulator, and 
load resistor with an optional semiconductor optical amplifier at the detector input; and FIG. 
6b is an AC-equivalent circuit of electrically-connected photodetector-modulator-load; 
FIG. 7a is a circuit schematic and FIG. 7b is an AC-equivalent circuit of series- 
30 connected traveling wave embodiments of this invention, which are representative of FIGS. 1 
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and 3 in which the electrical signal from the traveling-wave photodetector propagates to the 
traveling-wave modulator via an electrical transmission line; 

FIG. 8a is a circuit schematic and FIG. 8b is an AC-equivalent circuit of parallel- 
connected traveling wave embodiments of this invention, which are representative of FIGS. 2 
5 and 4 in which a common transmission line encompasses both the traveling-wave 
photodetector and the traveling-wave modulator; 

FIG. 9a is a schematic of a high-saturation-power traveling-wave photodetector 
illustrating regions of different bandgap and optical mode decay, wherein an initial "passive" 
region uses Franz-Kelkysh effect in waveguide with a higher energy bandgap than the photon 
10 energy for reduced absorption; final "active" waveguide adds multiple-quantum- well region 
with a bandgap smaller than the photon energy for increased absorption, and FIG. 9b is a plot 
that shows optical power decay within the photodetector illustrating smaller absorption 
coefficient in the initial passive region; and 

FIG. 10 is a graph that illustrates current - voltage characteristics (/vs. Vm) for 
1 5 travehng-wave photodetector [solid-curves] with superimposed traveling-wave modulator 
voltage, Vm, [dash-dot line] for an assumed DC bias voltage of Vi, and load resistance, R, 
wherein loss-less impedance-matched transmission lines are assumed, so that the traveling- 
wave photodetector and modulator voltages are both equal to and current, I = Id- Imy 
propagates along the transmission lines to the load resistor. 

20 

DETAILED DESCRIPTION OF THE INVENTION 
In the following description of the preferred embodiment, reference is made to the 
accompanying drawings which form a part hereof, and in which is shown by way of 
illustration a specific embodiment in which the invention may be practiced. It is to be 
25 understood that other embodiments may be utilized and structural changes may be made 
without departing from the scope of the present invention. 

Overview 

Traveling-wave optoelectronic wavelength conversion is provided by a monolithic 
30 optoelectronic integrated circuit that includes an interconnected traveling-wave photodetector 
and traveling-wave optical modulator with a widely tunable laser source. Embodiments with 
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either parallel and series connections between the photodetector and modulator are included. 
An input signal modulated onto a first optical wavelength develops a traveling wave voltage 
on the transmission line electrodes of the traveling-wave photodetector, and this vohage is 
coupled via a transmission Une of the same characteristic impedance to the transmission line 
5 electrodes of the traveling-wave optical modulator to modulate the signal onto a second 
optical wavelength derived from the tunable laser. The traveling wave voltage is then 
terminated in a load resistor having the same characteristic impedance as the photodetector 
and modulator transmission Unes. In an alternative embodiment, the interconnecting 
transmission line and the load resistor have different impedances than the photodetector and 
10 modulator, in order to provide better impedance matching over some signal bandwidth. 
Because of this impedance matching and the fact that the traveling wave voltage travels at 
nearly the same velocity as the optical waves, highly efficient wavelength conversion over a 
wide signal bandwidth is provided. 

15 Embodiments 

FIGS. 1-5 illustrate five embodiments of traveling-wave optoelectronic wavelength 
converter assemblies 10 that provide for increased operating bandwidth with higher 
efficiency than possible with lump-element wavelength converters. FIGS. 1 and 2 employ a 
traveUng-wave electro-absorption modulator (TWEAM) 12, and FIGS. 3, 4 and 5 employ a 

20 traveling-wave Mach-Zehnder interferometric modulator (TWMZM) 14. The TWEAM 12 
has a smaller footprint and may require lower voltages, while the TWMZM 14 allows for 
better chirp control and can provide more output power. The TWEAM 12 and TWMZM 14 
are generically referred to as a traveling-wave modulator (TWM) 12, 14. 

FIGS. 1 and 3 use a series connection of the traveling-wave photodetector (TWPD) 

25 16 and TWM 12, 14 elements, while FIGS. 2, 4 and 5 use a parallel connection of these 
elements. The series connection allows for separate optimization of the characteristic 
impedances of the TWPD 16, the TWM 12, 14, and the electrical transmission Unes between 
the TWPD 16 and TWM 12, 14, as well as the modulator and terminating load resistance. 
The parallel connection is more compact, and it avoids electrical losses in the interconnecting 

30 transmission line. Each embodiment is desirable in some subset of applications. 
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In all cases, the traveling-wave optoelectronic wavelength converter assemblies 10 
are desirably formed on a single semiconductor chip, and arrays of the same or different 
embodiments can also be formed on a single semiconductor chip using the same wafer layer 
structure and fabrication procedure. Only one optical input and one optical output is required 
5 to carry the signal to and from the chip, and all electrical connections are DC bias 

connections, except for the case of an external load/monitoring resistor, which requires an 
extension of the RP electrical transmission line to this port. 

FIGS. 1-4 indicate an extemal load resistor/monitor 18 following a "bias-T" 20, but 
the load following the TWM 12, 14 could also be fabricated with an on-chip resistor. The 

10 DC bias could also be applied at the TWPD 16 end rather than at the TWM 12, 14 end to 
avoid the need for a bias T. 

In all cases, a widely tunable laser 22 is included on the same chip within the 
wavelength converter assembly 10 to provide a large number of possible output wavelengths. 
A widely-tunable four-section SGDBR type of tunable laser 22 is illustrated, but other 

15 varieties such as tunable SGDBRs, DFBs, or DBRs, as are well-known in the art, are also 
possible. The SGDBR type of tunable laser 22 has full-band tunabiUty and is easily 
integrable with the other elements of the monolithic wavelength converter assembly 10. Its 
monolithic integration avoids coupling losses and unwanted reflections from added 
interfaces. Thus, no isolator is necessary between the laser 22 and TWM 12, 14 sections, 

20 This laser 22 is also fabricated from the same semiconductor layer structure with the same 
fabrication steps in one growth and processing procedure for the entire wavelength converter 
assembly 10. 

In all cases, the TWPD 16 is desirably preceded by a semiconductor optical amplifier 
(SOA) 24 to provide signal gain to compensate for the input and output optical coupling 

25 losses as well as the optical-to-electrical and electrical-to-optical conversion efficiencies of 
the TWPD 16 and TWM 12, 14, respectively. An SOA 24 can also be placed after the 
widely-tunable laser 22 or after the TWM 12, 14 to fiirther increase output power and overall 
conversion efficiency. However, if placed after the TWM 12, 14, the SOA 24 may also 
provide unwanted signal chirp or bandwidth limitations, so this is generally not a desirable 

30 location for an SOA 24. Also, for good extinction of the output optical beam, as well as to 
avoid excessive photocurrent from the TWEAM 12 in FIGS. 1 and 2, it is desirable to apply 
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most of the SOA 24 gain before the TWPD 16. This provides for a large photocurrent, which 
in turn, provides a large voltage swing across the TWM 12, 14 for good extinction. 
However, this SOA 24 does also add the requirement that the TWPD 16 have a high 
saturation power, so this is another aspect of this invention. 
5 As is well-known in the art, the TWPD 16 and TWM 12, 14 overcome the trade-off in 

conversion efficiency versus modulation bandwidth discussed in the backgroimd section. 
See, for example, [2, 7, 8]. However, in the prior art, each of these devices was separately 
connected to an extemal electrical receiver or driver, respectively. In the present invention, 
the TWPD 16 directly drives the TWM 12, 14 via a matched interconnecting electrical 

10 transmission line without an extemal electronic circuit to receive, amplify, and regenerate the 
photocurrent before it is applied to the TWM 12, 14. This optical-electronic-optical (OEO) 
approach is known to be expensive in size, power, and weight as well as in actual cost. It 
also tends to be limited in bandwidth because of the finite bandwidth of the electronics 
involved. In the present invention, the electronics is avoided, and any required gain is 

1 5 provided by SOAs 24. 

The traveling-wave design enables the use of longer photodetectors and modulators 
than is possible in lumped-element designs, as illustrated by the equivalent circuits of FIGS. 
6a-b. In FIGS. 6a-b, the lumped-element modulator 26, which may be a EAM or MZM, 
must be kept relatively short to keep its capacitance low to enable high bandwidth operation. 

20 The same holds for the lumped-element photodiode 28. As mentioned in the background 

section, the cut-off firequency is inversely proportional to the total capacitance, 0/- = Q + Cm, 
and the load resistance, i.e.,/: = l/[27r CtRl]- A relatively short modulator 26 requires a 
high drive voltage (a certain F;„/;;,-product is required for a given extinction), and this 
requires a high input power, resulting in poor conversion efficiency. As outlined in the 

25 background section, the conversion efficiency is, thus, limited to PoJPin = KPin/B in this 

lumped-element case. The SOA 24 and the laser 22 indicated by the other diodes may be the 
same as in other cases. 

However, with the traveling-wave designs of the present invention, as illustrated by 
the schematics and AG-equivalent circuits of FIGS. 7a-b and 8a-b, the conversion efficiency 

30 does not depend on the bandwidth in such a direct way. The major difference in the AC- 
equivalent circuits between the lumped-element case of FIGS. 6a-b that the traveling wave 
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case of FIGS. 7a-b or 8a-b is that the distributed capacitance is broken up into a number of 
incremental elements and the distributed line inductance is also shown by incremental 
elements. Because the incremental capacitance, C„ between the electrodes of the TWPD 16 
(i = d), the interconnecting lines (i = dm, mR), or TWM (z = m) is combined with the 
5 incremental electrode inductance, Z/, to provide a transmission line 30 of characteristic 
impedance, Z/ = [Z./C/] , for section /, the modulation bandwidth is not limited by the RC- 
time constant. Rather, it is only limited by the velocity mismatch, Av, between the optical 
and electrical waves as well as the resistive losses in the electrodes of the electrical 
transmission line, as is known in the art. For example, such issues are discussed in [7]. The 

10 cut-off frequency due to velocity mismatch is approximately given by,/: = c^/[27r//«^Av], 
where // is the length of the TWPD 16 or TWM 12, 14. Li the case of optical and electrical 
waves in the GHz range traveling on hiP or similar III-V materials, the relative velocity 
mismatch is only -10%, so over lengths, /, 1 mm, the maximimi bandwidth due to velocity 
mismatch is still > 500 GHz. Therefore, resistive losses in the metallic conductors tend to 

1 5 provide the most significant limitation on bandwidth, but prior work with isolated TWPDs 16 
and TWMs 12, 14 has shown that 100 GHz bandwidth is possible with proper electrode 
design for lengths /, - 1 mm. 

The cut-off frequency due to the TWM 12, 14, is generally a little lower than for the 
TWPD 16, because the TWM 12, 14 is generally a little longer than the TWPD 16. The 

20 TWPD 16 only needs to be as long as necessary to absorb the input lightwave; however, the 
TWM 12, 14 is made as long as practical in order to reduce its required drive voltage, again 
recalling that its required drive voltage is inversely proportional to its length for a given 
extinction. Thus, in practice the TWM 12, 14 transmission Hne will be made as long as 
possible, provided sufficient bandwidth for the application at hand is available. 

25 In this traveling-wave case, impedance matching between the various elements along 

the transmission line is very important to avoid unwanted compromises in bandwidth and 
efficiency. This can be accomplished by using the same impedance throughout, Zd = Zdm = 
Zm = ZmR = Rl* Or, it is also possible, and in some cases desirable, to use the interconnecting 
transmission lines 32 or 34 between TWPD 16 and TWM 12, 14, or between TWM 12, 14 

30 and the load resistor 18, respectively, to transform the impedance of one element to the other 
in order to provide an overall improvement in efficiency of the wavelength converter 
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assembly 10 over some signal bandwidth. In the parallel-connected case of FIG. 8, there is 
no transmission line between TWPD 16 and the TWM 12, 14, since they are continuously 
connected under a single transmission line. 

Another novel feature of the optoelectronic wavelength converter assemblies of 
5 FIGS. 1-5 is in the axial design of the TWPD 16 illustrated in the cross section and power 
decay plot in FIGS. 9a-b. As discussed above, it is desirable to have a TWPD 16 that can 
receive a high power level and dehver a large photocurrent without any significant saturation, 
so that a relatively large voltage swing can be developed across the TWM 12, 14. This is 
especially true in analog applications where linearity is important. Thus, to increase the 

10 saturation power of TWPD 16, an optional bandgap variation along its length is incorporated. 
The different bandgap regions change the effective absorption coefficient for the traveling 
optical wave, and this changes the current density derived at each point along the length of 
the TWPD 16. For higher saturation power, a higher bandgap region is used at the front end 
of the TWPD 16 with reduced absorption, providing reduced current density, and thus, a 

15 higher saturation power level. As the power decays into the TWPD 16, the absorption level 
can be increased without exceeding the critical current density level at which the device 
would saturate. 

Although a continuous change in effective bandgap and optical absorption constant 
might be optimal, incorporating just two different bandgaps along the length of TWPD 16, as 

20 illustrated explicitly in FIGS. 9a-b, can provide a significant increase in its power handling 
capability. This is most easily and compatibly accomplished by making use of the two 
different bandgap regions already incorporated in the technology platform used to make the 
widely-tunable SGDBR lasers 22, as well as the interconnecting waveguides, SOAs 24, and 
TWM 12, 14. As discussed in references [15,1 1], these two different bandgap regions can be 

25 obtained in several ways. FIG. 9a shows multiple-quantum-well (MQW) active layers 36 
grown on top of the common waveguide 38 that extends throughout the device for the 
"active" regions, and a selective removal of these in the desired "passive": regions for an 
effective larger energy bandgap there. Or, as discussed in the references, quantum-wells can 
be grown in the center of the common waveguide 38 and then selectively "intermixed" in 

30 regions where a larger effective energy bandgap or optical absorption edge is desired by 

selectively ion implanting some species near the waveguide to create vacancies and thermally 
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annealing to diffuse these vacancies across the quantum-wells, thereby intermixing the well 
and barrier materials and increasing the energy gap. Altematively, other approaches to 
change the effective energy bandgap of the optical waveguide 38, as are well known in the 
art, can be used. One conunon approach is "butt-joint regrowth" in which the waveguide is 
5 etched away and replaced in an epitaxial regrowth step with another waveguide of material 
that has the desired energy bandgap. 

The relationships amongst the various elements of the optoelectronic wavelength 
converter assemblies 10 can be appreciated by following the lightwave and electrical signal 
paths within the five embodiments identified in FIGS. 1-5. 

10 FIG. 1 shows a top schematic view of the series-connected TWPD-TWEAM case. 

As illustrated, the input lightwave having a signal modulated onto a first wavelength is 
coupled into SOA 24, where it is amplified and coupled via optical waveguide 38 to TWPD 
16, where the optical energy is absorbed along the length of the TWPD 16, generating a 
photocurrent, /;,, that flows to the transmission line electrodes at each point along its length, 

1 5 forming equal traveling-wave voltage signals flowing both in the forward and backward 
directions relative to the optical wave, Vd/ = V^b = IdZd/2, as illustrated in FIGS. 7a-b. The 
backward propagating half is reflected at the open-circuited input side of the TWPD 16 
transmission line, so that it then also flows in the forward direction in-phase with the 
forward-going wave after some slight delay. This delay will provide an upper limit on signal 

20 bandwidth given by the reciprocal of the transit time of the TWPD 16 (since the power 

decays exponentially along the length of the TWPD 16 and only half of it is involved). This 
effect can be avoided by terminating the input side 48 of the TWPD 16 with a resistor equal 
to its characteristic impedance; however, this will result in a 3 dB loss of input signal. This 
option is only necessary for very high signal bandwidth, however, because the transit time 

25 limited bandwidth for a typical TWPD 16 length of 0.3 mm is > lOOGHz. With the open- 
circuited TWPD 16 at frequencies well below the transit-time limited frequency, a traveling- 
wave voltage signal, Va = I^Za can be assumed at the end of TWPD 16. Any residual light 
exiting the TWPD 16 is absorbed in termination 40 to avoid any crosstalk at the output. 
This voltage signal created by the TWPD 16 propagates on interconnecting 

30 transmission line 32 to the TWEAM 12. As discussed above, this line may have the same 
characteristic impedance as TWPD 16 for simple impedance matching, or it may be chosen 
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to have a different value to transform the impedance of TWPD 16 to a different value for 
better modulation efficiency if the impedance of the other elements is different. The voltage 
signal then propagates along the electrical transmission line of TWEAM 12, where it 
modulates the intensity of the Ughtwave emitted fi-om widely-tunable laser 22, which 
5 propagates in optical waveguide 42 and has the desired output wavelength. The structure and 
material composition of TWEAM 12 may in fact be the same as optical waveguide 42. The 
modulation within the TWEAM 12 is due to increasing electroabsorption that occurs with 
increasing reverse bias across the diodes. The relationship between the photocurrent and the 
TWEAM 12 voltage is illustrated in FIG. 9b for the impedance matched case. The operating 

10 modulator 12 voltage value is at the intersection of the downward sloping modulator 12 

voltage line with the photodetector 16 characteristic relevant for the given input power, Pin, 
It is also important to realize that any photocurrent generated in the modulator 12 will 
subtract fi:om the photocurrent generated in TWPD 16. Thus, the dash-dot modulator 12 
voltage line in FIG. 9b is plotted for the net current flowing to the load resistor 18. 

15 The output lightwave with the desired output wavelength flows along a second optical 

waveguide 42 that extends through tunable laser 22, TWEAM 12, and along a path to the 
output facet 52 of the wavelength converter assembly 10. The voltage signal exiting the 
TWEAM 12 propagates to the load resistor 18 via interconnecting transmission line 34 and 
bias-T 20, where a DC-bias to the line can be applied. Interconnecting transmission line 34 

20 also may have the same characteristic impedance as TWPD 16, interconnecting line 32, 
TWEAM 12 and load resistor 18, if they are the same, or it may have a different value 
selected to maximize the modulation, and thus wavelength conversion efficiency, if the 
impedances of the various elements are different. Bias-T 20 is provided to enable a DC bias 
to be appUed to the diodes of the TWPD 16 and TWEAM 12. The value of this DC bias, 

25 shown in FIG. 10 as Vt, is usually chosen to optimize the modulation characteristics of 

TWEAM 12. It should also be understood that this DC bias can be applied in different ways. 
For example, it can be apphed firom the open-circuited end of the TWPD 16 via an AC block 
(e.g., an inductor), or different DC biases can be appHed to the TWPD 16 and TWEAM 12 
by incorporating separate DC bias ports as well as a DC-block (e.g., a capacitor) between 

30 these elements. 
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FIG. 2 shows a top-view schematic of the parallel-connected TWPD-TWEAM case. 
The propagation of input light through the SOA 24 and along optical waveguide 38 to TWPD 
16 is approximately the same as in the series-connected case of FIG. 1, so no additional 
conmients will be made here. The major difference is that TWPD 16 and TWEAM 12 are 
5 positioned along parallel optical waveguides 38 and 42 with a single electrode of a traveling- 
wave electrical transmission line that extends across both. Thus, as illustrated in FIG. 7, the 
photocurrent generated by TWPD 16 creates a voltage waveform on the common electrode 
that is directly appUed to the TWEAM 12 without propagating through an interconnecting 
electrical transmission line. This has the potential advantage of eliminating any electrical 

10 losses in this line. However, it is still possible, and generally desirable, to design the length 
of TWPD 16 to be somewhat shorter than TWEAM 12. The advantages of the traveling- 
wave structure are still retained, and the operation of the second part of the TWEAM 12 
would then be more similar to the case of FIG. 1. Also, as discussed above, the composition 
of TWPD 16 would generally be different from TWEAM 12 with a first portion that has a 

15 low absorption coefficient, which in fact may the same material and structure as the 

TWEAM 12, and a second portion of high absorption, which may be the same as the gain 
regions in the laser 22 and SOA 24. 

The design and relative positioning of the two optical waveguides 38 and 42, which 
contain TWPD 16 and TWEAM 12 can take on several forms. At one extreme, the two 

20 waveguides 38 and 42 could merge to form a single optical waveguide of the same material 
and composition. This could minimize the lateral waveguide width for a higher impedance 
transmission line, but it would also result in mixing the input optical wave with the 
wavelength converted output wave, and this would then require subsequent optical filtering 
to remove the unwanted input from the output. The waveguides could be brought close 

25 together such that some optical coupling occurred between the two, or the two waveguides 
could be kept sufficiently far apart, typically several microns, such that no input light in 
waveguide 38 would couple into the output waveguide 42. The latter case is believed to be 
most desirable, because the need to separate the input from the output is avoided, and the 
lengths and compositions of the TWPD 16 and TWEAM 12 can be separately optimized. 

30 Also, shown in FIG. 2 is the possibility of a second output of the residual input light wave 
instead of a termination 40 as illustrated in FIG. 1. Either technique can be used to avoid 
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crosstalk at the output in the no-waveguide-couplmg case. But, if the two waveguides are 
coupled, then the coupling lengths could be chosen such that the input on 38 would still exit 
the top waveguide, as can be calculated from conventional coupled waveguide theory. This 
is possible, but again there seems to be little merit in mixing the two optical waves since the 
5 wavelength conversion only occurs by the photocurrent of the input lightwave changing the 
modulation voltage for the output lightwave. 

As in the case of FIG. 1, the electrical voltage signal will continue to flow on 
transmission line 34 from the output of TWEAM 12 to the resistive load 18 with an 
intermediate DC bias port. Again, impedance transformations are possible if it is desired to 

10 have a different load resistance than the characteristic impedance of the electrical 

transmission line over the TWEAM 12 and TWPD 16. Again, if matched, FIG. 9 illustrates 
the modulation voltage for a given net current. 

As noted above, FIGS. 3, 4 and 5 substitute a TWMZM 14 for the TWEAM 12 
shown in FIGS. 1 and 2. In the TWMZM 14 case, the modulation is mainly due to phase 

15 modulation in one branch of the interferometer using the electro-refractive effect, so the 
actual traveling wave modulation is a traveling-wave electro-refraction modulation 
(TWERM). The CW lightwave from the tunable laser 22 is split at Y-junction 44 and one 
branch is modulated with the traveling wave voltage signal developed by the TWPD 16. The 
second branch (the lower one in FIGS. 3, 4 and 5) is typically unmodulated and, when 

20 recombined at the second Y-junction 46, the hghtwaves will interfere to modulate the 
amplitude of the output Hght wave, and thus provide for transfer of the input signal to the 
output wavelength. It is also common to provide some static bias to the second branch to 
bias the interference to some desirable point for chirp control or for some other reason. It is 
also possible to split the traveling wave modulation voltage propagating from the TWPD 16 

25 to tailor the chirp or amplitude linearity characteristics of the TWMZM 14 in some desired 
way, and this will be obvious to those skilled in the art. Electrically driven TWMZMs 14 
have been discussed in the literature, e.g., [9], so these and other modes of operation may be 
understood by a suitable review of this prior art. 

The use of the traveling wave voltage signal derived from the TWPD 16 to modulate 

30 the phase of one branch of the TWMZM 14 is the primary difference between this and the 
TWEAM 12 case. The advantages are that the chirp of the output can be controlled better 
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and because little photocurrent is generated in the phase modulator, much higher output 
powers are possible before heating and saturation effects become important. 

In FIG, 5, a second embodiment of a parallel-connected optoelectronic wavelength 
converter assembly is shown, including a higher-impedance electrical transmission line 34 
between the TWPD 16 and TWMZM 14, as well as a linearized SOA 24 acting as a 
preamplifier. By segmenting the contacts to the TWPD 16 and TWMZM 14, and by 
connecting them to the common high-impedance electrical transmission line 34 running 
therebetween, a higher overall transmission line 34 impedance is provided, and this will 
increase the propagating voltage magnitude for better wavelength conversion efficiency. 

The SOA 24 in this case is linearized by including a grating 54 on its output side to 
provide for lasing at a wavelength that is somewhat shorter than the range of input signal 
wavelengths. This clamps the carrier density in the SOA 24, and thereby makes its gain 
insensitive to the level of the input signal. 

FIGS. 7a-b and 8a-b again represent the electrical transmission line aspects for the 
cases of FIGS. 3 and FIG. 4, respectively, with the same issues and opportxmities discussed 
for the TWEAM 12 cases. FIG. 9 again represents one way of increasing the saturation 
power and linearity of the TWPD 16, and FIG. 10 again plots the modulator voltage, Vm, this 
time interpreted as the TWMZM 14, for various input optical powers, Pin. In the TWMZM 
14 case, the photocurrent generated by the TAVMZM 14 is generally negUgible, so that the 
current axis is only due to the photocurrent from the TWPD 16. 
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Conclusion 

This concludes the description of the preferred embodiment of the present invention. 
The foregoing description of one or more embodiments of the invention has been presented 
for the purposes of illustration and description. It is not intended to be exhaustive or to limit 
the invention to the precise form disclosed. Many modifications and variations are possible 
in light of the above teaching. It is intended that the scope of the invention be limited not by 
this detailed description, but rather by the claims appended hereto. 
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